Because the deletion of self-reactive T cells is incomplete, thymic development of natural Foxp3 + CD4 + regulatory T (T reg ) cells is required for preventing autoimmunity. However, the role of T cell receptor (TCR) specificity in thymic T reg cell development remains controversial. To address this issue, we generated a transgenic line expressing a naturally occurring T reg cell-derived TCR. Surprisingly, efficient thymic T reg cell development occurred only when the antigen-specific T reg cell precursors were present at low clonal frequency (<1%) within a normal thymus. Using retroviral vectors and bone marrow chimeras, we observed similar behavior with two other T reg cell-derived TCRs. These data demonstrate that thymic T reg cell development is a TCR-instructive process involving a niche which can be saturable at much lower clonal frequencies than the niche for positive selection.
Introduction
The adaptive immune system generates an enormous diversity of antigen receptors for the recognition of a wide variety of pathogens. However, the cost of this diversity is that some receptors can recognize self-antigens and cause autoimmunity. For T cells, one mechanism that reduces this problem is the deletion (negative selection) of self-reactive developing thymocytes. It is now clear that the deletion of self-reactive cells is incomplete, since T cells with autoimmune potential are readily observed in a number of experimental models.
Self-reactive T cells that evade negative selection are now known to be controlled by naturally arising Foxp3 + regulatory T (T reg ) cells, which comprise ∼10% of peripheral CD4 + cells1. Importantly, T reg cells are required throughout life to preserve immune tolerance and prevent fatal autoimmunity2,3. While it is likely that thymic and extra-thymic T reg cell development are both important4-6, it appears that peripheral T reg cell development alone is not sufficient to establish self-tolerance. For example, autoimmunity was observed after the interruption of thymic T reg cell development in classic experiments using neonatal thymectomy7, or the adoptive transfer of peripheral cells depleted of T reg cells into lymphopenic hosts8. Thus, the generation of T reg cells in the thymus is crucial for maintaining immune homeostasis.
Since T reg cells represent a minor subset of CD4 + T cells, a central question has been how T reg cells are selected from the developing thymocyte population. One hypothesis is that T reg cells may be selected based on their recognition of self-antigens; this process would presumably promote the suppression of responses to self, rather than foreign, antigens. This hypothesis is consistent with the observation that T reg cells were not found in T cell receptor (TCR) transgenic mice expressing receptors specific for foreign antigens9, and that the T reg and non-T reg TCR repertoires are largely different in murine models10-13. A role for selfantigen recognition by T reg cells is also supported by the observation that TCR transgenic cells developed into T reg cells only after encounter with their cognate antigen-which is expressed by a second transgene-in the thymus6,14,15.
An alternative hypothesis is that T reg cell selection occurs largely via a TCR-independent process that produces an initial T reg TCR repertoire that is similar to the conventional T cell repertoire. Although this initial repertoire may subsequently undergo other selective modifications, this model predicts that many conventional and regulatory T cells will share identical TCR specificities. The overlap in antigen specificity could provide regulation of both self-reactive and pathogen-reactive cells. This hypothesis was supported by the study of a TCR transgenic system16 different from those described above6,14,15. It was observed that the increased percentage of T reg cells associated with higher amounts of cognate antigen in vivo did not correlate with an increased overall number of antigen-specific T reg cells, but rather a reduction in the size of the transgenic non-T reg cell population16. It was therefore suggested that TCR-independent expression of Foxp3 rendered those T reg cells more resistant to TCR-dependent negative selection, a conclusion not reached by the aforementioned studies6,14,15. Additionally, studies of CD4 − CD8 − double negative (DN) thymocyte populations have also revealed that large DN2 cells preferentially generates a higher frequency of CD4 + CD8 − single positive (CD4SP) T reg cells. This finding supports a TCR-independent model of Foxp3 induction, since any selection of T reg precursors into the DN2 subset would occur prior to the somatic rearrangements that generate TCR molecules in developing T cells17. Finally, another study reported that the TCR repertoires of T reg and non-T reg cells are mostly overlapping, arguing for a TCR-independent model of T reg cell selection18.
TCR transgenic mice have been invaluable in dissecting the CD4 versus CD8 fate decision during thymic development. However, it is unclear if TCR transgenic models that enforce TCR engagement with cognate antigen are representative of T reg cell development driven by naturally-arising T reg cell-derived TCRs, as natural T reg cell selecting ligands have not been identified. Even though thymic T reg cell development has been described for well over a decade, T reg cell development in a TCR transgenic line using a naturally arising T reg TCR has not yet been reported. We therefore generated a TCR transgenic line expressing a natural T reg cell-derived TCR identified from our studies of the T reg cell TCR repertoire in polyclonal TCRβ chain transgenic mice. Remarkably, we found that thymic T reg cell development was virtually undetectable when thymocytes expressing this T reg cell-derived TCR were present at high clonal frequency, but that T reg cell development markedly improved at clonal frequencies below 1%. However, a non-T reg cell-derived TCR and the OTII TCR were unable to induce T reg cell development even at low clonal frequencies. These results therefore suggest that thymic T reg cell development is a TCR-instructive process dependent on a small selecting niche.
Results

Few thymic T reg cells in T reg TCR transgenic mice
To study the role of TCR specificity in thymic T reg cell development, we decided to utilize the classic approach of TCR transgenesis. However, it is difficult to select a natural T reg cell TCR from the normal T reg cell population, as one must first determine the distribution of this TCR within the T reg and non-T reg cell subsets. Thus, rather than randomly selecting a natural T reg cell TCR from a fully polyclonal population, we chose TCRs identified in our ongoing studies of the T reg cell TCR repertoire19,20. Because the fully polyclonal TCR repertoire, with an estimated 10 14 diverse TCR sequences, cannot be studied experimentally at the individual TCR level, we utilized TCRβ chain transgenic mice to restrict the variability of the TCR repertoire to only the TCRα chain11. These mice are also heterozygous at the Tcra locus such that only one TCR can be expressed per cell to affect TCR-dependent cell-fate decisions. From our database of TCRs, we selected the TCR clones G113 and B8, which are strongly associated with the T reg cell and naïve TCR data sets, respectively (Table 1 ). G113 appears to be self-reactive based on its ability to induce proliferation of peripheral T cells after adoptive transfer into lymphopenic and nonlymphopenic hosts. In contrast, B8 does not exhibit self-reactivity in these assays11,12.
As expected, we did not observe thymic or peripheral T reg cell development in the B8 TCR transgenic line when crossed onto the Rag1 −/− background (Fig. 1) . Surprisingly, virtually no thymic T reg cells were found in G113 TCR transgenic Rag1 −/− mice, although a small percentage of peripheral Foxp3 + cells was seen (Fig. 1) . In addition, we tested 5 other T reg cell-derived TCRs present in our thymic and peripheral T reg cell TCR database using retroviral vectors and bone marrow (BM) chimeras. Similar to our results with G113 TCR transgenic mice, we found peripheral, but essentially no thymic, T reg cells (data not shown). Thus, we were unable to show that thymic T reg cell development could be directed by TCRs derived from naturally arising T reg cells in a TCR transgenic setting.
These data appeared contradictory, as the G113 TCR was associated with the T reg cell subset within the normal polyclonal repertoire, but when expressed as a transgene G113 did not appear to drive T reg cell development. This paradox led us to ask whether T reg cell development was itself influenced by the polyclonality of the thymus. Our studies of thymic T reg cell development suggested that cytokines present in the thymic environment may play an important role19,21,22. We therefore asked if the presence of a polyclonal population could generate an environment permissive for thymic T reg cell development of G113 T cells. To test this hypothesis, we injected G113 thymocytes into wild-type (WT) congenic thymuses and followed their development. In this setting, approximately 10% of CD4 + CD8 − (CD4SP) G113 cells became Foxp3 + within three days after transfer (Fig. 2a) . This percentage represents a 100-fold increase in the frequency of Foxp3-expressing cells compared with the monoclonal G113 TCR transgenic setting. Thus, this finding suggested that the environment of a normal polyclonal thymus is essential for G113 thymocytes to efficiently develop into T reg cells.
Foxp3 + cell frequency inversely correlates with clonal frequency
We next generated radiation BM chimeras in which G113 transgenic and congenically marked wild-type BM were mixed in different ratios in order to vary the frequency of transgenic cells within the polyclonal thymocyte population. A ratio of 1:1 or 1:5 (G113:WT) BM generated only a minor increase in thymic G113 T reg cell development (Fig. 2b) . However, when the ratio of G113:WT BM was decreased to 1:50, we observed a marked increase in the efficiency of G113 T reg cell development. In this setting, up to 40% of CD4SP G113 thymocytes expressed Foxp3 (Fig. 2b-c) . Coincident with the increase in Foxp3 + cells, the frequency of CD25 hi Foxp3 − thymocytes also increased (data not shown), indicating an increase in T reg cell precursors as well19. We observed no Foxp3 + CD4 + CD8 + double positive (DP) thymocytes (data not shown), which have been observed in some TCR and cognate antigen double transgenic models23. Although T reg cell development from wild-type BM occurred normally in these mixed chimeras ( Supplementary Fig. 1 online) , we wanted to exclude the possibility that total body irradiation was selectively augmenting G113 T reg cell development via thymic lymphopenia or other mechanisms. Injection of G113 BM into non-irradiated congenically-marked neonatal hosts also resulted in efficient G113 T reg cell development (Fig. 2d) . Thus, these data demonstrate that the efficiency of Foxp3 + T reg cell development is inversely related to the frequency of G113 thymocytes.
We also plotted the absolute number of G113 Foxp3 + CD4SP and G113 total CD4SP cells (Fig. 3 ). Because it is very difficult to achieve low levels of chimerism using radiation BM chimeras, as it is to obtain really high levels of chimerism with neonatal BM chimeras, we combined the data in one figure. However, we segregated the data to clearly show the technique used to obtain each data point, because we cannot exclude the possibility that small differences might be related to the age of the recipients or the use of radiation. Curiously, this analysis revealed that the number of thymic Foxp3 + cells reaches a plateau with increasing clonal frequency, suggesting that the development of G113 T reg cells is saturable. In contrast, the total number of G113 cells in the CD4SP stage does not plateau, suggesting that the positively selecting niche for G113 is substantially larger than that for T reg cell development.
In contrast to the behavior of G113 cells, development of Foxp3 + B8 cells was not observed even when the frequency of B8 cells was diminished in mixed BM chimeras to frequencies comparable to those with which we observed G113 T reg cell development (Fig. 2c) . Lack of T reg cell development was also observed in OTII TCR transgenic cells (Fig. 2c) . Because of the distinct behavior of G113 compared with B8 and OTII cells in these mixed BM chimeras, these data argue against the hypothesis that stable expression of Foxp3 can occur via a TCR-independent mechanism (Supplementary Fig. 2 
online).
Minor role for peripheral T reg cell conversion
Although the frequency of G113 Foxp3 + cells in these mixed chimeras was typically less than 50% in the CD4SP subset, the frequency of G113 T reg cells was higher in the periphery than in the thymus (Fig. 4a) . G113 T cells were preferentially found in the axillary-inguinal lymph nodes ( Supplementary Fig. 3 online), consistent with our previous findings12. The difference between the thymic and peripheral frequency of Foxp3 + cells may reflect either the presence of Foxp3 − T reg cell precursors within the thymic CD4SP subset, or could imply an important role for peripheral development of G113 T reg cells. To test whether Foxp3 − G113 T cells undergo peripheral conversion, we adoptively transferred varying numbers of naïve CD44 lo Foxp3 − peripheral G113 T cells into normal or lymphopenic hosts. Less than 5% of G113 T cells underwent peripheral conversion into Foxp3 + cells after 3 weeks (Fig.  4b ). In addition, unlike thymic T reg cell development, the clonal frequency of G113 T cells did not markedly affect the frequency of cells which became Foxp3 + in the periphery. In contrast, intrathymic injection of G113 thymocytes resulted in ∼10% of G113 CD4SP cells expressing Foxp3 in just three days (Fig. 2a) , suggesting that Foxp3 − G113 cells in the CD4SP subset likely includes T reg cell precursors. Consistent with this hypothesis, Foxp3 − G113 CD4SP thymocytes predominantly displayed a less mature HSA hi CD62L lo surface phenotype, whereas Foxp3 + G113 CD4SP thymocytes showed a more mature HSA lo CD62L hi phenotype ( Supplementary Fig. 4 online). Peripheral conversion may therefore explain the small frequency of T reg cells observed in G113 TCR transgenic mice ( Fig. 1 ), but cannot account for the high frequency of peripheral G113 T reg cells arising within a polyclonal population (Fig. 4a) . Thus, these data suggest that peripheral G113 T reg cells arise almost exclusively due to thymic T reg cell differentiation in the normal polyclonal TCR setting.
Clonal frequency impacts other aspects of thymic development
Although we focused on T reg cell development during the course of these studies, we found that the frequency of TCR transgenic cells can affect other parameters of thymic development. The TCR transgenic lines described here show a strong preference to generate CD4SP cells (Fig. 1) . When embedded as a small fraction of developing thymocytes, the G113, TCli, and OTII TCRs retained their preference for CD4 + T cell development. However, in contrast, the B8 TCR lost its preference for CD4 when present at low frequencies, concomitant with the development of a sizable number of CD4 − CD8 + single positive (CD8SP) T cells ( Supplementary Fig. 5 online) . This phenomenon has also been reported for AND, another well-known CD4 TCR transgenic line24. Also consistent with previous observations, the efficiency of positive selection of TCR transgenic thymocytes also appeared to improve with reduced clonal frequency, based on the decreased frequency of cells at the DP stage ( Supplementary Fig. 5,6 online)25,26.
No coincident negative selection or proliferation
Previous studies of thymic T reg cell development in transgenic models observed negative selection coincident with T reg cell development14. Analysis of CD4 and CD8 expression by flow cytometry did not clearly reveal a correlation between negative selection and T reg cell development, as the relative frequency of G113 CD4SP cells increased with decreasing clonal frequency ( Supplementary Fig. 5,6 online). However, this increased frequency of CD4SP cells may be due to increased efficiency of positive selection as mentioned above. We therefore adoptively transferred G113 transgenic Rag1 −/− and Thy1.1-marked wild-type thymocytes into wild-type versus MHC class II-deficient thymuses. G113-induced T reg cell development required the expression of MHC class II on host cells (Fig. 5a) . However, the ratio between the injected wild-type and G113 transgenic cells remained comparable regardless of the presence or absence of host MHC class II molecules. In contrast, the ratio of co-injected WT:OTII TCR transgenic Rag1 −/− cells increased markedly after transfer into RIP-mOVA-expressing hosts, demonstrating that negative selection can be observed as early as one day after intrathymic transfer ( Fig. 5b) . Although we cannot exclude the possibility that negatively selecting signals can be received by G113 TCR transgenic cells prior to intrathymic transfer, evidence for extensive negative selection coincident with G113 TCR-mediated T reg cell selection was not observed within this experimental setting.
Increased self-reactivity of the G113 TCR to peripheral antigens was previously inferred based on the observation of proliferation of G113 cells after adoptive transfer into nonlymphopenic hosts12. It was therefore possible that the G113 TCR merely facilitated the expansion of cell populations which had upregulated Foxp3 expression in a TCRindependent manner. To increase the number of observable Foxp3 + events after intrathymic transfer, we used sorted HSA hi Foxp3 − CD4SP G113 thymocytes. To visualize cell division, the cells were labeled with DDAO, a CFSE analogue compatible with the Foxp3 gfp reporter. Virtually no DDAO dilution of thymocytes was observed in MHC class II-deficient hosts, although a small subset did appear to proliferate in wild-type hosts (Fig. 5c) . Importantly, we observed that the majority of Foxp3 + cells did not dilute DDAO, suggesting that efficient thymic T reg cell development can occur in the absence of marked thymocyte population expansion.
Other TCRs facilitate niche-dependent T reg cell development
To generalize the observations made with the G113 T reg TCR, we asked whether other TCRs showed a similar relationship between clonal frequency and T reg cell development. We examined the TCli TCR26, which was isolated from a fully polyclonal repertoire based on its reactivity to the foreign antigen human CLIP (class II-associated invariant chain peptide). Although it is unknown whether this TCR is preferentially associated with the T reg or non-T reg cell subsets in a normal polyclonal setting, the TCli TCR transgenic line showed a very small frequency of peripheral T reg cells, but essentially no thymic [JB11]T reg cells, on a Rag1 −/− background (Fig. 1) . Interestingly, thymic T reg cell generation was also enhanced by decreasing the frequency of TCli TCR cells in a polyclonal setting, although T reg cell development was far less efficient in comparison with G113 T cells (Fig. 6a) . This suggests that reactivity to foreign antigen does not preclude TCR-dependent T reg cell selection, and that TCRs can vary widely in the efficiency with which they induce T reg cell differentiation.
Furthermore, we produced retroviral BM chimeras using two additional T reg TCRs, G25 and R19 (Table 1) . We transduced either the G25 or R19 TCRα chains along with the fixed TCli TCRβ chain into Rag1 −/− Foxp3 gfp BM cells. These cells were adoptively transferred along with congenically-marked wild-type BM into lethally irradiated hosts, again at various ratios. Like G113, G25 and R19 T reg cell-derived TCRs more efficiently induced T reg cell development when present at lower frequencies within the polyclonal population. The degree of T reg cell development ranged from virtually undetectable when the frequency of T reg cell TCR-expressing cells was high, to 20-80% Foxp3 + when the frequency was below 1% (Fig. 6a) . Like G113 (Fig. 3) , the absolute number of T reg cells generated by G25 and R19 TCRs also reached a plateau (Fig. 6b) . In contrast to G25 and R19, the naïve T cellderived TCR B8 was unable to induce thymic T reg cell development in BM chimeras (data not shown), consistent with its behavior in TCR transgenic mice (Fig. 2c) . Thus, these data with two additional T reg TCRs support the notion that the T reg selecting niche is saturable and much smaller than the niche for positive selection.
The T reg cell-derived TCRs examined here exhibited widely differing (100-fold or more) relative efficiencies for T reg cell selection (Fig. 6c) . These data suggest that the notion of T reg versus non-T reg cell-derived TCRs is overly simplistic, and that the observed overlap between the T reg and non-T reg cell-derived TCR repertoires11-13,27 may be comprised of TCRs that are inefficient at inducing T reg cell development. Importantly, all T reg -derived TCRs (G113, G25, and R19) showed a similar relationship between their efficiency of inducing T reg cell development and their fractional composition within the polyclonal T cell population. Thus, a reciprocal relationship between the frequency of CD4SP thymocytes expressing an individual TCR and the frequency of those cells expressing Foxp3 may be a general feature of T reg cell development.
Discussion
Our in vivo analysis of the development of T cells expressing T reg cell-derived TCRs within the context of a polyclonal thymic environment generated several important conclusions. First, thymic T reg cell development involves a TCR-instructive step. Second, not all TCR transgenic models will recapitulate TCR-driven thymic T reg cell development. Third, thymic selection of T reg cells often involves a saturable TCR-dependent niche. Finally, the capacity of the T reg cell selection niche may be much smaller than that of positive selection.
These data support a model for thymic T reg cell development in which TCR-derived signals induce or maintain Foxp3 expression. Although the phrase "stochastic-selective" has previously been used in thymic T reg cell development16, we prefer to use the term "TCRindependent" instead of "stochastic" as certain aspects of TCR-driven T reg cell development may have probabilistic elements (e.g. the likelihood that a given thymocyte will interact with a selecting antigen-presenting cell). We also use Foxp3 as a readout representing the completion of T reg cell development as it appears late in the developmental process and is required for T reg cell phenotypic stability28-30. We found no evidence to support the previously proposed model in which TCR-independent generation of Foxp3 + cells renders those cells resistant to TCR-dependent negative selection, as no Foxp3 + OTII or B8 cells were found. We also found no evidence for TCR-driven expansion of Foxp3 + cells generated via TCR-independent processes, as T reg cell development was observed in the absence of cell division. Since it appeared from the above analyses that TCR specificity does not modify events post-Foxp3 induction, we reasoned that TCR-dependent signals may be important prior to or coincident with induction of stable Foxp3 expression. At this time, we cannot exclude the possibility that TCR-independent mechanisms induce Foxp3 in a rare subset of cells below the limit of our detection, with subsequent TCR-dependent signals required to maintain Foxp3 expression. A simpler and more direct model is that TCRdependent signals trigger a developmental pathway that results in Foxp3 expression. Since the TCR-dependent step in both of these models either directly or indirectly results in the induction or stabilization of Foxp3, these data support a TCR-instructive model of T reg cell development14,31.
In addition, these findings suggest that TCR-driven thymic T reg cell development, unlike positive selection or CD4 versus CD8 lineage commitment, may not be easily visualized using TCR transgenic models. While we cannot exclude potential bias from the TCRβ chain used, we have not encountered a naturally-arising T reg cell TCR capable of efficiently inducing thymic T reg cell development in a monoclonal setting. Although these data do not exclude the possibility that some natural T reg cell-derived TCRs can facilitate thymic T reg cell development in TCR transgenic mice, it is clear that the lack of thymic Foxp3 + cells in TCR transgenic mice is not necessarily indicative of the TCR's inability to induce T reg cell development under conditions of low clonal frequency, such as those found in the normal polyclonal setting.
We propose that thymic T reg cell development is governed by a saturable TCR-specific mechanism. Our initial hypothesis for the inability of G113 thymocytes to undergo T reg cell development in the TCR transgenic setting was that polyclonal thymocytes were required to provide an appropriate cytokine environment. However, we found that decreasing G113, G25, and R19 T cells to 0.1% of the CD4SP population led to markedly more efficient T reg cell development than when G113, G25 and R19 cells were present at 1% of the CD4SP population. The corresponding increase of wild-type thymocytes from 99% to 99.9% would not likely alter the overall thymic environment for T reg cell development. Indeed, no marked differences in the frequency of T reg cells emerging from wild-type BM were observed over a broad range of G113:WT BM ratios. Furthermore, a previous study found that a 1:1 mixture of interleukin-2 (IL-2)-deficient:WT BM was sufficient to restore normal T reg cell development in IL-2-deficient thymocytes32. Rather, these data support the alternative possibility that decreasing the frequency of thymocytes with identical antigen specificity is crucial for thymic T reg cell development. In fact, even though the percentage of G113 T reg cells decreased markedly with increasing clonal frequency, the absolute number of T reg cells reached a plateau. One possible explanation for the inverse relationship between clonal frequency and the efficiency of T reg cell development is intraclonal competition for peptide-MHC complexes. T cells of the same specificity are known to compete for ligands during peripheral homeostasis and normal immune responses33-35. A TCR-specific niche for positive selection of thymocytes has also been described25,26. Ligand competition could occur via antigen presenting cell blockade36,37, or via the removal of peptide-MHC complexes from antigen presenting cells by antigen-specific T cells38. However, preliminary two-photon imaging studies of mixed bone-marrow chimeras did not show clustering of CFP-labeled G113 thymocytes, suggesting that antigen presenting cell blockade is not mediating intraclonal competition (J.L.B., C.S.H., and M. Miller (Washington University, St. Louis); data not shown). Although future experiments will be required to determine the exact mechanism through which clonal frequency influences thymic T reg cell differentiation, the current studies suggest that intraclonal competition for ligand may be an important step in T reg cell development.
Finally, the capacity of the positively selecting niche for thymocytes with a given TCR specificity appears to be much greater than that for T reg cell development. The clonal frequencies of transgenic cells in the thymus that allow for efficient T reg cell development are an order of magnitude lower than those permissive for positive selection, as measured in mixed BM chimeras24-26. These findings are consistent with the fact that positive selection but not T reg cell development can be consistently and easily visualized in the monoclonal setting. This differential niche size is also illustrated by the observation that the number of T reg cells plateaus around 10,000 for G113 T cells, whereas the number of positively selected CD4SP G113 T cells can be 1,000 fold greater.
Our data demonstrate that a low frequency of Foxp3 + cells in a TCR transgenic setting may not be indicative of the TCR's potential to direct T reg cell development. This finding suggests that previously generated TCR transgenic strains may need to be re-evaluated for potential mismatch between the T reg cell selecting niche size and the high clonal frequencies in TCR transgenic mice. We hypothesize that TCRs isolated based on pathogenic selfreactivity may be efficient at facilitating thymic T reg cell development at low clonal frequencies, even if Foxp3 + cells are not present in the monoclonal setting39,40. It is also possible that these TCRs do not efficiently induce T reg cell development, and may be found on both T reg and non-T reg cells in the polyclonal setting. However, preferential expansion of the non-T reg cell effector population may occur under pro-inflammatory immunization conditions. We also speculate that negative selection will be enhanced with decreasing clonal frequency, given the observed changes in the efficiency of T reg cell development and positive selection. Thus, the mechanisms by which the immune system controls the cell fate of developing T cells expressing self-reactive TCRs may need re-examination within the context of their natural clonal frequency.
Methods
Mice and reagents
Foxp3 gfp 41, OTII42, RIP-mOVA43, and TCli TCRβ and TCR-αβ transgenic mice have been described26. B6.SJL (CD45.1), Tcrb −/− , and Tcra −/− mice were obtained from the Jackson Laboratory. TCR transgenic lines were generated by cloning the cDNA for B8 and G113 TCRα chains into the VA-hCD2 expression vector44, which was then co-injected with the TCli TCRβ chain in the pTβ vector26. TCR transgenic mice did not show any overt signs of autoimmunity, even on a Rag1 −/− background. Amounts of TCRβ expressed in mature CD4SP and peripheral CD4 + T cells was comparable to amounts of TCRβ proteins expressed on wild-type thymocytes, as determined by flow cytometry (data not shown). Animals were housed in a specific-pathogen-free animal facility and were used according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) at Washington University in Saint Louis School of Medicine. Monoclonal antibodies were purchased from eBioscience, Biolegend, and Becton Dickenson: CD4 (RM4-5), CD8 (53-6.7), CD45.1 (A20), CD45.2 (104), Thy1.1 (HIS51), Thy1.2 (53-2.1), CD25 (PC61), HSA (M1/69), CD62L (MEL-14), TCR V β 6 (RR4-7). The Cell-Trace Far-Red DDAO dye was purchased from Invitrogen. The BM culture cytokines recombinant mouse interleukin-3 (rmIL-3), recombinant human interleukin-6 (rhIL-6), and recombinant mouse stem cell factor (rmSCF) were purchased from Peprotech.
Bone marrow chimeras
All BM cells were T cell-depleted by labeling cells with biotinylated anti-CD4 and anti-CD8 and anti-biotin microbeads, followed by magnetic cell separation using an AutoMACS (Miltenyi Biotech). TCR transgenic Foxp3 gfp Rag1 −/− BM was mixed with CD45.1 Foxp3 gfp BM at 1:1, 1:10, and 1:50 ratios. Ten million cells were injected into lethally irradiated CD45.1 hosts (1050 rads). After 6 weeks, the thymus, peripheral lymph nodes, and spleen were analyzed by flow cytometry (FACSAria, Becton Dickenson). Neonatal chimeras were generated via the intraperitoneal injection of 3×10 6 TCR transgenic BM cells into 2-day old mice, and were analyzed 6 weeks after injection by flow cytometry. Some mice received a second injection 3 days later. Because of the experimentally induced low frequency of chimerism in some samples, the entire thymus was routinely analyzed. First, ∼2×10 6 events were recorded to obtain the frequency of CD45.2 + TCR transgenic and CD45.1 + wild-type cells. Next, the remaining thymocytes were analyzed at high speed (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) ,000 events/ second), recording only the CD45.2 + CD45.1 − events. With an electronic abort rate of around 3%, we estimate that over 90% of observable thymic events originating from the TCR transgenic donor were collected (excluding doublets by FSC-H vs FSC-W and SSC-H vs SSC-W comparisons).
Retroviral bone marrow chimeras
As previously described45, donor Foxp3 gfp Rag1 −/− mice were conditioned with 5-FU prior to BM harvest. After 2 days of culture in rmIL-3 (10 ng/mL), rhIL-6 (20 ng/mL), and rmSCF (100 ng/mL), BM cells underwent two spin-fections on consecutive days with MigR1-derived retrovirus expressing the G25 or R19 TCRα chain, as well as the fixed TCli TCRβ chain downstream of an internal ribosomal entry site. On the fourth day of culture, the BM cells were mixed with CD45.1 Foxp3 gfp BM from 5-FU treated mice at ratios of 1:0, 1:1, 1:10 and injected into lethally irradiated CD45.1 hosts (1050 rads). Mice were analyzed by flow cytometry 6 weeks later.
Assessment of peripheral conversion in vivo
For non-lymphopenic hosts, 1.5 × 10 6 or 1.5 × 10 5 FACS purified Foxp3 − CD4 + CD45.2 + CD44 lo T cells from pooled spleen and lymph nodes of TCR transgenic Foxp3 gfp Rag1 −/− mice were intravenously injected into congenic CD45.1 hosts. Acquisition of Foxp3 and other markers by flow cytometry was assessed after 3-4 weeks. For lymphopenic hosts, 3.5×10 4 or 3.5×10 5 TCR tg cells were mixed with 1.8×10 6 wild-type CD4 + filler cells to achieve varying levels of chimerism, and intravenously injected into Tcrb −/− hosts. As a baseline at 100%, 3.5 × 10 4 cells were injected without wild-type filler cells. Pooled cells from several secondary lymphoid organs were analyzed for acquisition of Foxp3 by flow cytometry after 19-21 days.
Assessment of negative selection in vivo
Whole wild-type Thy1.1 thymocytes were mixed at a 1:1 ratio with Thy1.2 Rag1 −/− TCR transgenic thymocytes (G113 or OTII) and stained with DDAO prior to intrathymic injection of 2×10 7 cells into congenically marked WT, RIP-mOVA, or MHCII-KO hosts. TCR transgenic thymocytes were analyzed by flow cytometry on day 3 and as indicated.
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Bautista et al. Page 23 Table 1 In vivo context of the TCRs used in this study. The frequency of individual TCRs, as identified by their CDR3 amino acid sequence, was obtained from our database of TCR sequences isolated from thymic and peripheral T cell subsets in TCli TCRβ transgenic Foxp3 gfp Tcra +/− mice19,20. TCR sequences were pooled from 3-4 experiments, each comprised of several mice. Of note, the presence of B8 TCR sequences in the peripheral Foxp3 + and CD44 hi data sets may arise from contamination of those subsets with CD44 lo cells. Although our FACS purity is over 95% for those subsets, the major contaminants are CD44 lo cells, which constitute the largest peripheral CD4 + T cell subset. In contrast, the presence of contaminants in the CD44 lo subset is much less likely, as we typically achieve 99% sort purity in this population. TCR transgenic lines generated for this study are indicated in italics. For reference, the highest frequency non-T reg cell TCR in the thymus is found at a frequency in the aggregate data set of 2.0%, representing an estimated clone size of 0.2% in the CD4SP subset (10% V α 2 + × 2% frequency of TCR in that subset).
